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distribution,Abstract – The aim of this study was to establish the inﬂuence of a trout farm on the activity of enzymes
superoxide dismutase (SOD) and glutathione peroxidase (GPx), and total glutathione concentration (GSH), in
larvae ofEphemera danica, and on environmental parameters in the receivingwatercourse. The investigations
were carried out seasonally (April, July, and October of 2016 and January of 2017) at four localities
(SK1 – control, and SK2, SK3, and SK4 – 30m, 330m and 630m below the ﬁsh farm, respectively) along the
Skrapež River. Discharged water had the greatest effect on the concentrations of dissolved oxygen (DO),
ammonium ions, nitrates (NO3
), and total phosphorus. In the case of SOD and GSH, seasonal changes were
greater than longitudinal, with maximal values attained in spring and summer and minimal in autumn and
winter. SOD showed the strongest correlation with DO, and GSH with total nitrogen. Activity of GPx
demonstrated greater longitudinal variabilitywithmaximumat SK2 in all seasons and the strongest correlation
withNO3
. Theobtained results indicate thatGPxactivitywas themost sensitive to the trout farmeffects,while
SOD and GSH were more inﬂuenced by natural seasonal changes of environmental parameters.
Keywords: oxidative stress / Ephemera danica / trout farms
Résumé – Inﬂuence d'un élevage de truites sur la défense antioxydante des larves d'Ephemera
danica (Insecta : Ephemeroptera): L'objectif de la présente étude était d'établir l'inﬂuence d'un élevage de
truites sur l'activité des enzymes superoxyde dismutase (SOD) et glutathion peroxydase (GPx), et la
concentration totale de glutathion (GSH), chez les larves d'Ephemera danica, et sur les paramètres
environnementaux dans le cours d'eau récepteur. Les investigations ont été menées de façon saisonnière
(avril, juillet et octobre 2016 et janvier 2017) dans quatre localités (SK1  contrôle et SK2, SK3 et SK4 
30m, 330m et 630m en aval de la pisciculture respectivement) le long de la rivière Skrapež. L'eau rejetée a
eu le plus grand effet sur les concentrations d'oxygène dissous (OD), d'ions ammonium, de nitrates (NO3
)
et de phosphore total. Dans le cas de la SOD et de la GSH, les variations saisonnières ont été supérieures aux
variations longitudinales, les valeurs maximales étant atteintes au printemps et en été et minimales en
automne et en hiver. La SOD a montré la plus forte corrélation avec l'OD et le GSH avec l'azote total.
L'activité de la GPx a démontré une plus grande variabilité longitudinale avec un maximum à SK2 en toutes
saisons et la plus forte corrélation avec NO3
. Les résultats obtenus indiquent que l'activité de la GPx était la
plus sensible aux effets de l'élevage de truites, alors que la SOD et la GSH étaient plus inﬂuencées par les
changements saisonniers naturels des paramètres environnementaux.
Mots-clés : stress oxydatif / Ephemera danica / élevage de truites1 Introduction
Various economic activities such as manufacturing,
mining, agriculture, canal building, and construction of waterding author: ivanas@bio.bg.ac.rs
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and reproduction in any medium, provided the original work is properly cited. If yousupply reservoirs exert great inﬂuence on highland streams,
which are vital components of the river network (Gavrilović
and Dukić, 2002; Estevez et al., 2017). Signiﬁcant inﬂuence on
these watercourses is also exerted by the increasingly frequent
construction of trout farms on their banks, since rainbow trout
as the most cultivated cold-water species requires preciselynse CC-BY-ND (http://creativecommons.org/licenses/by-nd/4.0/), which permits unrestricted use,
remix, transform, or build upon the material, you may not distribute the modiﬁed material.
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on trout farms involves a multiple increase of ichthyomass per
unit of area compared to natural population. This is achieved
by supplementary feeding, with consequent increased pollu-
tion of the recipient stream, which soon results in disturbed
functioning of the ecosystem and has a negative effect on
communities of aquatic invertebrates (Loch et al., 1996; Živić
et al., 2009a; Sooﬁani et al., 2012; Imanpour et al., 2013).
Among the most common causes of contamination of river
courses by trout farms are unconsumed feed and ﬁsh feces
(Kronvang et al., 1993; Iversen, 1995; Boyd, 2003; Namin
et al., 2013). Because the waters from ﬁsh farms after use are
most often discharged into the recipient stream without any
prior treatment in the form of settling and puriﬁcation (Tello
et al., 2010), there is serious deterioration of water quality with
worsening of the recipient stream's bottom structure (Weston
et al., 1996). For this reason, it is necessary to conduct constant
monitoring of the inﬂuence of discharge waters from the ﬁsh
farm on the recipient stream, for which, in addition to traditional
methods of chemical analysis, communities of macroinverte-
brates are employed with increasing frequency (Bonada et al.,
2006; Carter et al., 2006; Živić et al., 2009a,b), organisms of the
order Ephemeroptera above all others being used here as
bioindicators of pollution of mountain streams (Brittain and
Sartori, 2003; Lock and Goethals, 2011; Bauernfeind and
Soldan, 2012). Owing to their characteristic way of life, limited
mobility, sensitivity to organic pollution, wide distribution, and
relatively large body size, larvae of Ephemera danica are
suitable organisms on which to investigate the inﬂuence of trout
farmsonwildlife in recipient stream.They are indicators of good
water quality, on the boundary between the oligo- and beta-
mesosaprobic classes (Winkelmann and Koop, 2007; Bennett,
2007). The larval stage usually lasts 1 or 2 years, and cases of its
lasting up to 3 years are not rare, which makes it possible to
follow the long-term effects of all environmental inﬂuences,
including that of ﬁsh farms.
Determination of the activity of antioxidant enzymes
(superoxide dismutase, catalase, glutathione peroxidase,
reductase, and transferase) and the content of smaller
molecules having a role in antioxidant protection (vitamins C,
A, and E; glutathione; coenzyme Q; cysteine; etc.) in aquatic
organisms is very important because they represent biomarkers
of oxidative stress and are used in biomonitoring of land-based
waters (Valavanidis et al., 2006; Vranković et al., 2012;
Vranković and Slavić, 2015; Vranković, 2016; Mirčić et al.,
2016). Under the inﬂuence of altered abiotic factors of the
aquatic environment, formation of reactive oxygen species
(ROS) and their increased production occur in organisms,
which lead to further oxidative stress in them (Halliwell and
Gutteridge, 1999; Lushchak, 2011). As a consequence of the
reactivity of ROS and their potential ability to damage cells
and tissues, many organisms balance the presence of these
radicals with a wide range of cellular antioxidant systems of
protection (Buonocore et al., 2010). Maintenance of this
balance is of fundamental signiﬁcance for physiological health
of the organism and equilibrium between production and
elimination of ROS is crucial for cellular homeostasis
(Lemaire and Livingstone, 1993).
The effects of trout farms on the living world of streams
have been rarely investigated on the molecular level. This most
often involves monitoring the activity of antioxidant enzymes,Page 2 owhich can indicate increase of oxidative stress in an organism
due to anthropogenic changes in its surroundings. Where
larvae of aquatic insects are concerned, such investigations are
relatively rare (Choi et al., 1999; Berra et al., 2004; Barata
et al., 2005; Mirčić et al., 2016; Božanić et al., 2017;
Radojević et al., 2017). However, the attention of investigators
is being increasingly drawn to such investigations because they
open the possibility of predicting the effects of pollution (under
the inﬂuence of trout farms in the present case) on populations
through the response of individual specimens (E. danica) to
stress. It is known that a response to the presence of pollutants
is manifested earlier on the level of organisms than on the level
of the whole community (Gremyatchikh et al., 2009). The
building of trout farms represents a proﬁtable branch of
economy (Marković et al., 2009), and because Serbia is in a
geographical position suitable for this activity, their number is
constantly increasing (there are currently between 120 and 130
trout farms in the country). For this reason, it is necessary to
pay attention to the pollution that arises as a consequence of the
discharge of wastewater from ﬁsh farms, and our investigation
was realized with the aim of determining the inﬂuence of a
trout farm on components of antioxidative defense in larvae of
E. danica as a model organism sensitive to pollution.
2 Material and methods
2.1 Description of investigated localities
The Skrapež is a river in Western Serbia and the largest
tributary of the Djetinja River (Fig. 1). It has a length of
47.7 km and drainage area of 647.65 km2 (Gavrilović and
Dukić, 2002). The “Kraj vodenica” trout farm has a total
production area of 588 m2 and is located in the wider region of
the village of Radanovci on the left-hand bank of the Skrapež
River about 2 km downstream from the “Taorska vrela” spring.
The ﬁsh farm consists of four independent basins in which the
ﬁsh are fed extruded feed (Skreting Optiline he 3p gal) with
low phosphate content of 0.9% and 42–44% protein. In the
year of the investigation, the production capacity of the ﬁsh
farm was 29 tons. Water from the trout farm is emptied via a
common canal into the recipient stream after passing through a
settling tank. Fish are present on the trout farm throughout the
year, with maximal biomass in January and minimal in April.
Macrozoobenthos sampling was conducted at four locali-
ties. The ﬁrst (control) locality was at a distance of 180m
upstream from the ﬁsh farm at an elevation of 573m a.s.l.
(above sea level), latitude of 44°04000.800 N, and longitude of
19°50013.300 E. Locality SK2 was at a distance of 30m
downstream from the ﬁsh farm at an elevation of 566m a.s.l.,
latitude of 44°03055.900 N, and longitude of 19°50021.200 E. At
an elevation of 552m a.s.l., locality SK3 was at a distance of
300m downstream from the second locality at a latitude of
44°03047.800 N, and longitude of 19°50028.600 E. Finally,
locality SK4 was at a distance of 300m downstream from the
third locality at an elevation of 550m a.s.l., latitude of
44°03040.900 N, and longitude of 19°50028.100 E (Fig. 1).
2.2 Sample taking and identiﬁcation
Larvae of E. danica were collected in April, July, and
October of 2015 and in January of 2016 by the qualitativef 11
Fig. 1. (A) Geographical location of the Skrapež River in Serbia. Grey rectangle represents position of the study area on the Skrapež River.
(B) Locations of the sampling sites (grey circles) on the Skrapež River. The trout farm position is marked with a rectangle. (C) Google earth
image of the trout farm at the Skrapež River.
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20–25 individuals were collected and directly in the ﬁeld
transferred to a cryocontainer with liquid nitrogen, in which
they were transported to the laboratory, where they were
weighed on a balance with a precision of 0.0001 g (an AE163
instrument from Mettler-Toledo International). At each
locality, several larvae were collected and ﬁxed in 96%
ethanol for identiﬁcation. Identiﬁcation was performed with
the aid of a Zeiss Discovery V8 stereomicroscope (Carl ZEISS
GmbH, Austria) on the basis of keys for identiﬁcation
(Nilsson, 1996; Bauernfeind and Soldan, 2012).
2.3 Analysis of physical and chemical parameters
of the water
The following physical parameters of the environment
were measured during the investigation: water temperature,
current velocity, and depth and width of the riverbed. Water
temperature (WT) was measured with a MULTI 340i/SET
device (WTW, Germany), which was also used to measure
chemical parameters, viz., dissolved oxygen concentration
(DO) and saturation (DO%), pH, and electroconductivity (ec).
Depth and width of the riverbed were measured with the aid of
a tape measure. Elevation of the localities above sea level and
their geographic latitude and longitude were conﬁrmed with
the aid of a GPS device (Geko 201, Garmin). Water ﬂow rates
(Q) were calculated from the cross-sectional area and
longitudinal velocity data for each sampling site. The cross-
sectional area was ﬁrst determined by depth (d) and width (w)
measurements and then divided into vertical sections wherePage 3 oriver velocity (v) was measured using a GEOPACKS Stream
Flowmeter (Geopacks, UK).
At each locality, a single sample of water for chemical
analysis was taken with a 500-ml plastic bottle at a depth of
30 cm below the water's surface. Chemical parameters were
analyzed at the Agency for Environmental Protection in
Belgrade by standard methods (SRPS ISO/IEC 17025:2006,
ISO/IEC 17025:2005, http://www.sepa.gov.rs). The following
chemical parameters were analyzed: water hardness (WH), and




), total nitrogen (Nt), orthophosphates (PO4
3),
and total phosphorus (Pt). Unionized ammonia (NH3)
concentration was calculated according to Newman (1995).
Measurements of all environmental parameters were per-
formed in duplicate to ensure representativeness and average
values obtained from the two measurements were used for
further statistical analysis.
2.4 Preparation of homogenates and determination
of SOD and GPx activity and GSH content
Up to the time of homogenate preparation, larvae were kept
in the laboratory at 80 °C. Homogenates of whole larvae
(170mg of fresh larval mass on the average) were used to
determine the components of antioxidative defense. Larvae
were homogenized (three cycles of 10 s with 15-s pauses at
2000 rpm) on ice in 0.25M sucrose buffer (EDTA; Serva,
Heidelberg, Germany). The concentration of protein was
determined by the Bradford method (Bradford, 1976) using
bovine serum albumin (Sigma-Aldrich Chemie, Steinheim,f 11
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was determined according to the procedure of Misra and
Fridovich (1972). The enzymatic method of Tamura et al.
(1982) was used to determine activity of glutathione
peroxidase. The content of glutathione was determined in
homogenates in which proteins were precipitated with
sulphosalicylic acid (Grifﬁth, 1980).
Ten independent samples (homogenates) from each
sampling occasion were used to determine the activity of
antioxidant enzymes (SOD and GPx) and content of GSH. For
each of them, the mentioned biomarkers were simultaneously
measured three times using a Shimadzu UV-160 spectropho-
tometer (Shimadzu Corporation, Kyoto, Japan) to ensure
representativeness and average values obtained from the three
measurements were used for further statistical analysis.2.5 Statistical analyses
All data were expressed as mean ± standard error. In order
to take into account both locality and seasonal variability, the
activity of antioxidant enzymes (SOD and GPx) and GSH
content were compared statistically using two-way analysis of
variance (two-way ANOVA). The values of abiotic param-
eters (hydrological and chemical parameters of the water) at
investigated localities were compared statistically to either
control locality (SK1), to assess the trout farm effect, or to the
downstream locality nearest to the farm outlet (SK2), to
assess recovery, using one-way ANOVA. In both cases,
pairwise comparisons were made with the Holm–Sidak test.
The strength of association among pairs of variables was
measured by the Pearson product moment correlation.
The results were considered to be statistically signiﬁcant at
P < 0.05. The two-way ANOVA, one-way ANOVA, and
determination of the Pearson product moment correlation
were performed with the aid of the Sigma Plot 12 software
(Systat Software Inc., USA).
Environmental data were analyzed together with data on
the activity of antioxidant enzymes and content of GSH using
co-inertia analysis (CIA) (Dolédec and Chessel, 1994).
Co-inertia axes were calculated by maximizing the covariance
of factorial scores generated in separate ordinations of the two
input tables (in this study, the correlation matrix of principal
component analysis (PCA) for the environmental variables and
the antioxidant biomarkers data). The Monte-Carlo permuta-
tion test was used to check signiﬁcance of the co-structure
between the two data sets as revealed by CIA. Co-inertia
analysis was computed using the ADE-4 software (Thioulouse
et al., 1997).
3 Results
3.1 Inﬂuence of the trout farm on antioxidative
defense
Two-factor analysis of variance indicated that the activities
of SOD and GPx and concentration of GSH vary with
statistical signiﬁcance (P < 0.001) both from locality to
locality and throughout the year, and that statistically
signiﬁcant interaction exists between these two factors, which
means that seasonal changes exert signiﬁcant inﬂuence onPage 4 olongitudinal changes and vice versa. However, there are
signiﬁcant differences in the form of changes in activity of
SOD and GPx (Fig. 2).
Activity of SOD is characterized by greater seasonal than
longitudinal variability. Thus, statistically signiﬁcant differ-
ences of SOD activity exist in all seasons, but not between
localities (Fig. 2A). At the control locality (SK1), a monotonic
decline of SOD activity occurs from spring to winter. A similar
trend is maintained downstream from the inﬂow of wastewater
from the ﬁsh farm, with the qualiﬁcation that due to SOD
activity decrease in spring, the difference in values of this
index in spring and summer is lost. Analysis of longitudinal
changes clearly indicates that there are no differences of SOD
activity at the different localities in summer and winter. In
spring, the activity of SOD is higher at the control locality
(SK1), which lies above the ﬁsh farm, than at the locality
immediately below the farm (SK2), where a decrease of
activity occurs. The most intensive changes are characteristic
of the autumn season, when SOD activity attains a statistically
signiﬁcant maximum at locality SK2 after inﬂow of
wastewater from the ﬁsh farm.
Glutathione peroxidase activity is characterized by greater
longitudinal than seasonal variability. Thus, there is no
statistically signiﬁcant seasonal variation in the activity of
GPx at the control locality (Fig. 2B). The situation is similar at
localities SK3 and SK4, with the exception of activity in
winter, which at SK3 is lower than activity in autumn, and at
SK4 is higher than activity in the other seasons. In contrast to
this, at SK2 well-expressed seasonal changes of GPx activity
occur that are characterized by a pronounced decrease in
summer and subsequent gradual but incomplete recovery until
winter (Fig. 2B). As for longitudinal changes, a large and
statistically signiﬁcant increase of GPx activity occurs in all
seasons at locality SK2 in relation to the control locality, this
increase being accompanied by recovery of values at SK3 in all
seasons except autumn, when the values at both downstream
localities remain statistically signiﬁcantly higher than at the
control locality.
The concentration of total glutathione very closely follows
changes of SOD activity and the two indices are characterized
by a high degree of correlation (R = 0.862, P < 0.001;
Fig. 2D), which is not the case with GPx activity
(R = 0.192, P = 0.48). Like SOD activity, the concentration
of glutathione is characterized by greater seasonal than
longitudinal variability. The concentration of GSH likewise
declines throughout the year, but unlike SOD activity it attains
a minimum in autumn instead of winter, except at SK2
(Fig. 2C). With respect to differences from locality to locality,
glutathione concentration, like SOD activity, attains a
maximum in spring at the control locality, but in autumn at
SK2. In the summer and winter periods, GSH is characterized
by longitudinal variability greater than that of SOD, since both
seasons are characterized by a statistically signiﬁcant
minimum at SK2 (Fig. 2C).3.2 Comparative analysis of biomarkers and abiotic
parameters
Co-inertia analysis (CIA) was used to investigate the
inﬂuence of changes in water chemistry and hydrology causedf 11
Fig. 2. Changes in average activities of superoxide dismutase (SOD) (A) and glutathione peroxidase (GPx) (B), and average concentration of
total glutathione (GSH) (C) in larvae of E. danica (n = 10) at four investigated localities (SK1, SK2, SK3, and SK4) along the Skrapež River
during different sampling seasons (spring, summer, autumn, and winter). Samples at different localities taken in the same season that are
signiﬁcantly different are marked with different numbers (1, 2, 3, 4). Samples from different seasons taken at the same locality that are
signiﬁcantly different are marked with different letters (s, su, a, w). Statistically signiﬁcant difference (P < 0.05) of values at downstream
localities compared to the values at the control locality (SK1) is marked with an asterisk (*), and compared to the values at SK2 locality with a
plus (þ). (D) Effect of changes in SOD activity during the investigation period on the concentration of GSH at the investigated localities on the
Skrapež River. The solid line represents the linear ﬁt of the data (R = 0.862, P < 0.001).
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antioxidant enzymes and concentration of total glutathione in
E. danica (Fig. 3). The results of CIA showed that there was a
statistically highly signiﬁcant (P < 0.001) co-structure
between the correlation matrix PCA of antioxidant biomarkers
and the correlation matrix PCA of water hydrology and
chemistry data. In graphi graphic representation of the
observed co-structure, two factorial axes were retained that
explain almost the entire (95%) co-structure (F1 = 65%,
F2 = 30%). Strength of the co-structure was conﬁrmed by the
relatively high values of correlation coefﬁcients along the F1
axis (0.89) and F2 axis (0.84).
Analysis of the position of samples along the F1 axis in
relation to both abiotic factors (origins of black arrows) and
biomarkers (arrowheads of black arrows) shows that they are
aligned in regular chronological order starting from spring and
summer samples at the positive end of the F1 axis (Fig. 3).
Therefore, the F1 axis is clearly the axis of seasonal changes. It
follows that parameters strongly associated with the F1 axis
characterize seasonal changes to a greater extent than
longitudinal ones. And indeed, SOD and GSH, which werePage 5 oshown to be characterized by signiﬁcantly greater seasonal
variability, are closely grouped at the negative end of the F1
axis, since their spring and summer values (Fig. 2) are
signiﬁcantly greater than those recorded in autumn and winter.
Of abiotic factors, the strongest connection with the F1 axis is
exhibited by WT and Nt with its negative end, and by DO and
ec with its positive end, a somewhat weaker connection with
the negative end of the F1 axis being realized by WH, NH3,
and pH. In the case of these parameters (with the exception of
DO), seasonal variability is signiﬁcantly greater than
longitudinal variability, and they are oriented toward the
negative end of the F1 axis and attain maximum values in
spring or summer and minimum values in autumn or winter
(Fig. 4A, D, E, H, J), whereas the situation is reversed with
abiotic factors oriented toward the positive end (Fig. 4C, F).
The value of DO is characterized by equal seasonal and
longitudinal variability, since a statistically signiﬁcant mini-
mum is achieved at SK2 and it reaches maximal values in
winter (Fig. 4C). The results of CIA indicate that these abiotic
parameters should have the greatest inﬂuence on changes of
SOD and GSH. Correlation analysis conﬁrms this, since SODf 11
Fig. 3. Triplot presentation of the co-inertia analysis (CIA) of 16
environmental variables and three antioxidant biomarkers performed
on 16 samples [four sites, SK1-SK4, sampled four times, viz., in
spring (Sp), summer (Su), autumn (A), and winter (W)]. The
ordination diagram of 15 normalized environmental variables (see
Material and Methods section for codes) in the CIA is represented by
grey arrows starting from the origin and projected onto the F11F21
factorial map. Positions of antioxidant biomarkers (grey circles) are
plotted onto the CIA F11F22 plane (see Material and Methods
section for codes). Standardized co-inertia scores of environmental
and antioxidant biomarker data for each sample (black arrows) are
projected onto the F12F23 factorial map. The arrow origin locates
the sample as ordinated by the environmental variables, and the
arrowhead locates it as ordinated by values of the antioxidant
biomarkers.
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(R = 0.834, P < 0.001), DO (R = 0.678, P = 0.004;
Fig. 5B), WH (R = 0.567, P = 0.022), and Nt (R = 0.592,
P = 0.016), while GSH is statistically signiﬁcantly correlated
with WT (R = 0.647, P = 0.006), pH (R = 0.499,
P = 0.049), ec (R = 0.655, P = 0.006), and Nt
(R = 0.771, P < 0.001; Fig. 5C).
If the F1 axis primarily accounts for seasonal changes in
abiotic and biotic parameters, the F2 axis is clearly the axis of
longitudinal changes. Along the F2 axis samples taken
immediately downstream from the ﬁsh farm (at the SK2
locality) from each sampling season are clearly separated from
those taken in the same season at the reference locality and
localities farther downstream (SK3 and SK4). Therefore, F2
can be named as the axis of trout farm inﬂuence. Activity of
GPx  shown to be characterized by signiﬁcantly greater
longitudinal variability  is thus closely linked with the F2
axis and that with its negative end since maximum activity in
all seasons is achieved at SK2 (Fig. 2B). Of abiotic factors,
those most ﬁrmly linked with the F2 axis are v, NO3
, NH4
þ,
and Pt with the negative end and DO% with the positive end
(Fig. 3). All of these parameters with statistical signiﬁcance
decrease (DO%) or increase (v, NO3
, NH4
þ, and Pt) at SK2 in
relation to the control locality and (with the exceptions ofPage 6 oNH4
þ and NO3
) are characterized by statistically signiﬁcant
recovery downstream (Fig. 4B, G, I, K, M). This is also
indicated by the existence of statistically signiﬁcant correlation
between GPx activity and v (R = 0.706, P = 0.002), DO%
(R = 0.545, P = 0.029), NH4þ (R = 0.501, P = 0.048),
and NO3
 (R = 0.868, P < 0.001; Fig. 5A).
4 Discussion
In view of the increase in the number of trout farms
witnessed in recent years in Serbia, investigations are needed
that through fast physiological responses of individuals will
indicate the changes that will inevitably occur in the whole
community of macroinvertebrates (Gremyatchikh et al., 2009).
The enzymes SOD and GPx and tripeptide GSH in larvae of
E. danica as a model organism represent reliable biomarkers in
judging the early response of aquatic organisms to organic
pollution, a circumstance that offers the opportunity to make
an important contribution in the ﬁeld of ecophysiology of
aquatic organisms (Hook et al., 2014).
It is known that one of the main sources of pollution of
streams on which trout farms are constructed is the discharge
of efﬂuents containing remains of ﬁsh feed and fecal matter
from the ﬁsh farm (Kronvang et al., 1993; Iversen, 1995).
These efﬂuents affect chemical parameters of the recipient
stream, leading to increase in the concentration of total
phosphorus and nitrogen compounds and decrease of dissolved
oxygen concentration (Foy and Rosell, 1991; Boaventura
et al., 1997; Selong and Helfrich, 1998; Pulatsu et al., 2004;
Bartoli et al., 2007; Živić et al., 2009a; Camargo et al., 2011;
Silva et al., 2012). Such changes of chemical factors through
increase/decrease of the mentioned parameters lead to
worsening of water quality and cause (among other things)
oxidative stress in aquatic organisms (Boaventura et al., 1997;
Livingstone, 2001, 2003).
In this study, trout farm efﬂuents induced statistically
signiﬁcant increase of NO3
, NH4
þ, and Pt and the decrease
of DO and DO% at SK2, a downstream locality closest to the
trout farm. These changes could be directly explained by the
arrival of unutilized ﬁsh feed and feces from the trout farm
into the recipient and subsequent eutrophication (Boaventura
et al., 1997; Briand et al., 2003). The most sensitive
component of antioxidative defense of E. danica to these
changes in water chemistry was GPx, whose activity reached
maximum at SK2 in all seasons of investigation and showed
statistically signiﬁcant correlation with NO3
, NH4
þ, and
DO%. GPx is an enzyme that catalyzes reduction of H2O2
and lipid peroxides. Similar high sensitivity of GPx to trout
farm pollution was observed in Gammarus dulensis in the
Crnica River (Vranković et al., 2018). Additionally, study of
Duman and Kar (2015) supports our results with the
conclusion that GPx enzyme is the ﬁrst-line antioxidant
defense enzyme in Gammarus pulex. Signiﬁcant seasonal
variation in the activity of GPx was observed only at SK2
locality, with a large decrease in summer, followed by a
gradual but incomplete recovery toward winter (Fig. 2B).
Lowest activity of glutathione peroxidase during summer
was also observed in molluscs of the species Tapes
philippinarum and Mytilus galloprovincialis (Bocchetti
et al., 2008).f 11
Fig. 4. Values of hydrological and chemical parameters of the water (see Materials and methods section for codes) at four sampling sites (SK1,
SK2, SK3 and SK4) along the Skrapež River measured in spring (April) summer (July), autumn (October) and winter (January). Statistically
signiﬁcant difference (P< 0.05) of values of abiotic parameters at downstream localities compared to the values at the control locality (SK1) is
marked with an asterisk (*), and compared to the values at SK2 locality with a plus (þ).
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watercourse are clear but of mild intensity since values of
affected environmental parameters (NO3
, NH4
þ, Pt, and DO)
stayed well within the limits prescribed for salmonid waters
(0.2mg/L for Pt, 1mg/L for NH4þ, and ≥7mg/L at 100%
saturation for DO, TEPCD, 2006 and 2mg NO3N /l for
NO3
; Camargo et al., 2005). The effect of the trout farm on
DO at SK2 would be more severe if not for small water depth
and high water velocity at that locality (Fig. 4M, O). Such aPage 7 omild effect could be an explanation why activity of SOD stayed
largely unaffected by the trout farm effects. This was not
expected since SOD usually represents the ﬁrst line of defense
of an organism against reactive oxygen species and plays a key
role in protecting the cell from oxidative damage. This enzyme
transforms the highly reactive radical into a less reactive form
of oxygen, hydrogen peroxide, and molecular oxygen (Alscher
et al., 2002; Zelko et al., 2002; Bafana et al., 2011). Our
investigation shows that activity of SOD characterizedf 11
Fig. 5. Effects of environmental factors on antioxidant enzyme activities in E. danicae. (A) Effect of changes in NO3
 during the investigation
period on GPx activity at the investigated localities on the Skrapež River. The solid line represents the linear ﬁt of the data (R = 0.868,
P< 0.001). (B) Effect of changes in DO during the investigation period on SOD activity at the investigated localities on the Skrapež River. The
solid line represents the linear ﬁt of the data (R = 0.678, P = 0.004). (C) Effect of changes in Nt during the investigation period on SOD
activity at the investigated localities on the Skrapež River. The solid line represents the linear ﬁt of the data (R = 0.771, F = 20.5, P < 0.001).
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which are correlated with the changes in DO, Nt, and WT. In
regard to the control locality, a decrease of SOD activity occurs
from spring to winter (Fig. 2A). In view of the fact that activity
of SOD is in statistically signiﬁcant correlation with
temperature, increased activity of this enzyme in spring and
summer in relation to autumn and winter can be explained as
being a consequence of the increased temperature in these
seasons (Fig. 4A). According to some authors, decrease in the
activity of antioxidant enzymes during the winter season is a
consequence of metabolic changes linked with the physiologi-
cal status of animals (Viarengo et al., 1990; Regoli et al., 1998;
Livingstone, 2001). In general, the total metabolism of an
organism increases under conditions of high temperatures, and
enzyme activity increases as a result. Buchner et al. (1996)
showed that activity of SOD increases under conditions of
moderate increase of temperature. Also, seasonally related
variability of SOD was noticed in the mollusc Saccostrea
cucullata by Niyogi et al. (2001), who recorded maximal
activity in summer. Higher activity of SOD in summer than in
winter was also recorded in the snail Nacella concinna (Abele
et al., 1998). On the other hand, Doucet-Beaupré et al. (2010)
showed that activity of the enzyme SOD in the molluscsPage 8 oPyganodon grandis and P. fragilis was independent of
temperature.
Looking at the spring season, we see that activity of SOD is
greater at the control locality (SK1) than at the locality
immediately below the ﬁsh farm (SK2) (Fig. 2A). Similar
results were obtained by Vranković et al. (2012), who
measured the greatest SOD activity in specimens of
Holandriana holandrii taken at the reference (control) locality,
which had no noticeable sources of pollution. Such a response
of SOD is a result of increased production of superoxide due to
intensiﬁcation of normal physiological processes (Vranković
et al., 2012). Activity of SOD in our investigations is strongly
inﬂuenced by changes in factors of the internal and external
environment caused by the succession of seasons, since with
respect to the amplitude of activity and concentration, and in
regard to the pattern of their seasonal changes, the localities
downstream from the ﬁsh farm's outlet are very similar to the
control locality. An exception is autumn, when SOD activity
attains a maximum at SK2 (Fig. 2A) just as in case of GPx.
This is the consequence of minimal values of river ﬂow in
autumn (0.10m3/s; Fig. 4N), which due to maintenance of a
constant throughput through the trout farm should increase
trout farm's inﬂuence on the recipient stream enough tof 11
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strongly correlated with SOD activity, reached its lowest value
(8.06mg/L, Fig. 4C) precisely in autumn at SK2 and could be
the main reason of the change in longitudinal pattern of SOD
activity. Mirčić et al. (2016) investigated the inﬂuence of a
trout farm on longitudinal changes in SOD activity in the
species Dinocras megacephala and showed its negative
correlation with DO, just like in our study.
It is known that glutathione peroxidase for its activity
makes use of cofactors, viz., low-molecular-weight thiols such
as glutathione (GSH) (Birben et al., 2012). Meanwhile,
glutathione  aside from being a cofactor  takes part in
antioxidant defense by directly removing free radicals and
hydroperoxide, makes possible the regeneration of nonenzy-
matic antioxidants to active forms, participates in repair of
oxidative damage to DNA molecules, and prevents apoptosis
caused by ROS (Kruidenier and Verspaget, 2002). The
concentration of glutathione in our investigation is character-
ized by greater seasonal than longitudinal variability (Fig. 2C).
Additionally, it is strongly correlated with SOD activity
(Fig. 2D) since spring and summer concentrations at each
locality are greater than autumn and winter ones, with maximal
values in spring attained at the control locality and in autumn
at SK2. Despotović et al. (2012) found that changes of
glutathione content in the species Viviparus acerosus are under
considerable seasonal inﬂuence, so that the concentration of
GSH decreases signiﬁcantly from July to September. The level
of GSH in the digestive gland of Fulvia fragilis was
signiﬁcantly higher in summer than in winter (Mahmoud
et al., 2010). In the contrast to SOD, summer and winter values
of GSH are characterized by a statistically signiﬁcant
minimum at SK2 (Fig. 2C). Decrease in the concentration
of GSH at SK2 can be attributed to increase in the activity of
glutathione peroxidase, since it is known that enzymes that
utilize GSH as a cofactor or cosubstrate (GPx) bring about
depletion of GSH by transforming it into GSSG (Birben et al.,
2012). In other studies also, it was found that a reduced
concentration of GSH is in positive correlation with increase of
GPx activity (Kruidenier and Verspaget, 2002; Despotović
et al., 2012).5 Conclusions
On the basis of the obtained results, it can be concluded that
the trout farm at the Skrapež River had mild but clear inﬂuence
on the water chemistry parameters in the receiving water-
course. At SK2, a downstream locality closest to the trout farm,
changes in most strongly inﬂuenced parameters (NO3
, NH4
þ,
Pt, DO, and DO%) were statistically signiﬁcant, but their
almost complete recovery was noted further downstream.
However, their values remained well within the limits
prescribed for salmonid waters.
The most sensitive component of antioxidative defense of
E. danica to these changes in water chemistry was GPx, whose
activity reached maximum at SK2 in all seasons and showed
statistically signiﬁcant correlation with NO3
, NH4
þ, and
DO%. Thus,GPx represents theﬁrst line of antioxidant defense
inE. danica in the conditions of stress induced by the trout farm
efﬂuents. Activity of SOD and GSH concentration were less
sensitive to the trout farm stress and more strongly inﬂuencedPage 9 oby changes in factors of the internal and external environment
caused by the succession of seasons. The environmental
parameters most strongly inﬂuencing these biomarkers were
WT, DO, and Nt. The only exception was in autumn, when due
to low river ﬂow effect of the trot farm efﬂuents was strong
enough to alter SOD activity and GSH concentration.
Therefore, changes in GPx and to a lesser extent SOD
and GSH in E. danica proved to be reliable and sensitive
biochemical biomarkers of environmental stress caused by
the trout farm efﬂuents, making this species an excellent
bioindicator of freshwater pollution.
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